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Abstract
Investigating the Effect of Carbon Nanotube Functionalization in a Polydimethylsiloxane
Composite through use of a Stepped Bar Apparatus
by
Matthew I. Ralphs, Master of Science
Utah State University, 2016
Major Professor: Dr. Nick Roberts
Department: Mechanical and Aerospace Engineering
Thermal interface materials (TIMs) are used as an aid in transporting heat away from
a circuit or electronic module. Composite materials are a popular research area for TIMs
because they allow the desired properties from the individual constituents to be combined.
The composite selected for this study uses carbon nanotubes (CNT) as the filler and an
elastomeric polymer for the matrix, specifically a multiwalled carbon nanotube (MWCNT)
/ polydimethylsiloxane (PDMS) composite. Additionally, functionalization of the CNT
may affect the composites’ thermal conductivity because of its effect on the CNT dispersion
in the polymer matrix and its effect on the CNT-polymer interface. The objective of
this study was to determine the effect CNT functionalization has on the effective thermal
conductivity of a MWCNT/PDMS composite. The three functionalization’s used in this
study are unfunctionalized, functionalized with a carboxyl group, and functionalized with a
hydroxyl group. Secondary objectives were to develop the initial stages of a carbon-polymer
composite database and to perform an uncertainty analysis on the stepped bar apparatus
used in this study. The database is to be used for visualization of data found in literature
to promote data driven research. The uncertainty analysis on the stepped bar apparatus is
to qualify the instrument for thermal measurements in this study.

iv
Initial results showed some increase in thermal properties of the composite, but there
was little difference between the thermal conductivity of the three functionalization’s because of the high level of uncertainty used early on in this study. Later results showed
an increase in mechanical properties of the composite which offset any thermal advantage
with use as a TIM. A stronger composite means less compression under a similar load,
resulting in a thicker TIM and higher resistance. However, the mechanical and thermal
properties compound to show that -OH functionalized MWCNT present better properties
for a TIM than unfunctionalized and -COOH functionalized; none show better results than
the polymer by itself.
(67 pages)
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Public Abstract
Investigating the Effect of Carbon Nanotube Functionalization in a Polydimethylsiloxane
Composite through use of a Stepped Bar Apparatus
by
Matthew I. Ralphs, Master of Science
Utah State University, 2016
Major Professor: Dr. Nick Roberts
Department: Mechanical and Aerospace Engineering
Thermal interface materials (TIMs) are used in transporting heat away from a circuit
or electronic module. Composite materials are a popular research area for TIMs because
they allow the desired properties to be joined in a composite to take advantage of the
best properties from all the constituents involved. The composite selected for this study
uses carbon nanotubes (CNT) as the filler and an elastomeric polymer for the matrix,
specifically a multiwalled carbon nanotube (MWCNT) / polydimethylsiloxane (PDMS)
composite. This study looks at chemical modification (functionalization) of the CNT in
an effort to produce a better bond between the CNT and the PDMS. A better bond should
theoretically increase the thermal properties of the composite. This study uses a database
compiled from literature to promote data driven research in the area of carbon-polymer
composites. An uncertainty analysis is also included of the stepped bar apparatus used in
this study for thermal resistance measurements.
Results showed that the CNT increased the strength of the composite but the increase
in strength is actually not advantageous when looking at applications for a TIM. This is
because a stronger material will not compress as much under a similar load as a weaker
material, which would result in a thicker TIM and more thermal resistance. Thermal
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properties were also increased, but not enough to offset the disadvantage of the increased
strength. One of the chemical modifications showed more benefit over the other, but neither
showed better results than the polymer by itself.
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Chapter 1
Introduction
1.1

Motivation
Electronic circuits produce heat. If that heat is not carried off and dissipated, the

operational lifetime and reliability of the electronic system can be reduced. This is a common
problem that exists from individual central processing units on a circuit board to complete
electronic modules. The two main mechanical methods used to extricate and dissipate
excess heat are fans and heat sinks. Thermal interface materials (TIMs) are used to increase
the amount of heat that can be transferred away from the circuit to the heat sink to be
dissipated. However, as circuits and electronic modules are becoming ever smaller in size,
less surface area is available from which to remove the excess heat. This, coupled with the
increase in circuit density in most electronic systems which produce more heat, requires
higher performance from TIM and more creative ways of dissipating the excess heat to
the surrounding environment. This research focused on TIM as a means to transfer more
thermal energy away from the circuit.
TIMs, in general, are made of a material with a high thermal conductivity that can
conform to imperfections in the surfaces to which they are applied. Being able to conform
well to the surfaces on either side of the TIM is important to reduce the contact resistance
between the circuit and TIM, and between the heat sink and TIM. Reducing thermal contact
resistances will allow more thermal energy to transfer across the surface boundaries. If the
TIM does not fully conform to the surfaces on either side of it, air pockets may remain at
the boundaries, thus increasing thermal resistance, which decreases the amount of thermal
energy that can be transferred across the boundary. Coupled with low contact resistances,
a high thermal conductivity in a TIM allows more thermal energy to actually pass through
the TIM to the heat sink.
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Ideal TIM should have the following properties:
• easily deformed by small pressures
• high thermal conductivity
• minimal thickness
• easy to apply
• does not leak or shift out of position over time
• non-toxic
• does not deteriorate over time
Many materials exist that meet a few of the characteristics of an ideal TIM, but there
is no one material that fully provides all of the desired characteristics. This is why a composite material is needed. More of the desired characteristics can be achieved by combining
several materials into a composite. By using an elastomeric polymer as the composites’
matrix material, the composite will be easily deformed from small pressures. And a filler or
dispersed material that has a high thermal conductivity, such as carbon nanotubes (CNT),
will increase the low thermal conductivity of the matrix polymer.
The 2005 International Technology Roadmap for Semiconductors (ITRS) [3] highlights
the need for TIMs with increased thermal conductivity, higher elastic modulus, and improved adhesion. In 2003 and 2006, the benefits of a thermally conductive elastomer were
laid out with many advantages over thermal pastes and greases [4,5]. In 2006 it was forecast
that TIM research would increase in the area of elastomeric polymer composites [5], which
it has over the last decade [6–8].
However, accurately measuring the thermal conductivity of an elastic polymer is challenging. Many methods for measuring the thermal conductivity of a material require the
thermal resistance of the sample to be measured under load to reduce contact resistances.
But any pressure applied to an elastic sample will distort the geometry of the sample. If
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the exact geometry of the sample is unknown, then the thermal conductivity cannot be
calculated accurately from a measured thermal resistance.
Some measurement techniques don’t require the sample to be compressed during thermal measurement. While these methods may have less uncertainty from not compressing
the sample, they also don’t replicate appropriate operating conditions for most TIM. Thermal interface materials generally operate under high pressure and at elevated temperatures.
Intel specifies a maximum heat sink clip force of 25 lbf can be applied for the P4 processor
package and their reference design heat sink clip applies 7-23 lbf [9]. With the i7 processor
the specification for the heat sink static compressive load is 50 - 80 lbf [10].
ASTM D5470 is an industry standard for characterizing TIMs [11]. A Stepped Bar
Apparatus (SBA) is considered an improvement over an apparatus with two bars of the same
diameter because it lowers the uncertainty of the system due to bar misalignment [12, 13].
The SBA has been shown to work well for the measurement of thermal resistance of rigid
materials with a reported uncertainty between 6 and 8% (95% confidence level assumed) [12].
However, very little is reported on using a SBA to measure the thermal resistance of elastic
materials. This work investigated the uncertainty in measuring the thermal conductivity
of polydimethylsiloxane (PDMS) by using a SBA to measure the thermal resistance and an
INSTRON 5542 to estimate the strain and subsequent thickness of the compressed sample.
The objective of this study was to investigate a MWCNT/PDMS composite for applications as a TIM. Furthermore, it was proposed that altering the functionalization of the
CNT in the composite will increase the thermal conductivity of the composite.

1.2

Literature Survey
Composites are made with the intent of incorporating the best characteristics of each

of the component materials. For example, carbon fiber reinforced polymer (or CFRP)
composite embeds carbon fibers within a polymer to take advantage of the stiffness and
strength of the carbon fibers and the relative flexibility and low density of the polymer.
The CFRP composites are widely used in industry and can be seen in applications such as
high-tech sporting equipment and many aerospace components.
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Three main classifications of composites are: particle-reinforced, fiber-reinforced, and
structural composites [14]. The composite classification of interest for this research is fiberreinforced, assuming the CNT’s act as fibers in the polymer matrix. Fiber-reinforced composites have two sub-classifications: continuous (aligned) and discontinuous (short), Fig. 1.1.
Fiber-Reinforced Composites

Continuous
Fibers (aligned)

Discontinous
Fibers (short)

Aligned

Randomly
Oriented

Fig. 1.1: Sub-classifications of fiber-reinforced composites.
There are two basic models used for predicting the thermal conductivity in composites,
which generally represent the upper and lower bounds. The two models are the rule of
mixture model (also known as the parallel model) and the series model. The rule of mixture model assumes each phase of the composite contributes independently to the overall
conductivity, proportional to its volume fraction. This model usually represents the upper
bound of experimental values and is represented in Eq. (1.1) where kc , kp , and km are the
thermal conductivities of the composite, particle, and matrix, respectively; and Φp and Φm
represent the volume fractions of the particles and matrix, respectively. This model assumes
perfect contact between particles in a fully percolating network and is most relevant in cases
of continuous fiber composites in the direction parallel to the aligned fibers. [15]

kc,upper = kp Φp + km Φm

(1.1)

The basic series model, on the other hand, assumes no contact between particles and
usually represents the lower bound of experimental values. This model is represented in
Eq. (1.2). [15]
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kc,lower =

1
Φm
km

+

(1.2)

Φp
kp

Based on the reported thermal conductivity of 0.25 W/mK [15] for PDMS, 200 W/mK
for MWCNTs in the longitudinal direction, and 10 W/mK for MWCNTs in the transverse
direction [16, 17], Fig. 1.2 shows the predicted thermal conductivity of a composite using
both the rule of mixture model and the series model, theoretically showing the approximate
minimum and maximum expected thermal conductivity of a PDMS-MWCNT composite at
various volume % MWCNT. Both the longitudinal and transverse thermal conductivity are
shown in the figure to further illustrate the range depending on the orientation of the fibers.
0.4

k (W/mK)

101

0.35
0.3

100

0.25

0

1
2
3
Vol% MWCNT

4

rule of mixture (lon.)
rule of mixture (tran.)

0.2

0

0.1

0.2
0.3
0.4
Vol% MWCNT

0.5

series model (lon.)
series model (tran.)

Fig. 1.2: Predicted thermal conductivity for a PDMS-MWCNT composite based on the rule
of mixtures model and series model, theoretically representing the maximum and minimum
expected values. Based on the reported thermal conductivity of 0.25 W/mK [15] for PDMS,
200 W/mK for MWCNTs in the longitudinal direction, and 10 W/mK for MWCNTs in the
transverse direction [16, 17]. The figure on the right has a smaller range in the y axis to
better show the minimum expected values for k.
Nan et al. [18] present a more specific model for predicting the thermal conductivity
of carbon nanotube based composites:
Ke
f Kc
=1+
,
Km
3Km

(1.3)
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where Ke is the effective thermal conductivity, Km and Kc are the thermal conductivity of
the matrix and carbon nanotubes, respectively, and f is the volume fraction of the nanotubes.
This model predicts the enhancement in thermal conductivity to be between 1 and 40% with
a 0.1 % volume of MWCNT, similar to the samples used in our study.
A few of the properties that have been shown to affect thermal conductivity are fiber
length, fiber orientation (aligned or randomly oriented), fiber concentration, fiber dispersion
(well dispersed or poorly dispersed), fiber purity, and fiber functionalization (affecting how
well it bonds with the matrix).
Fiber length is important when trying to improve the mechanical properties of a matrix
with fiber reinforcements. A critical fiber length, lc , can be computed using Eq. (1.4) where
σf∗ is the fibers ultimate tensile strength, d is the fiber diameter, and τc is the fiber-matrix
bond strength. The critical fiber length is necessary for effective strengthening and stiffening
of the composite material. [14]

lc =

σf∗ d
2τc

(1.4)

Fiber length is also important when looking to improve the thermal properties of a matrix. When looking to improve thermal transport, it is important to have as few transitions
between the matrix and the fiber as possible in the thermal path through the composite
because every transition will have a boundary or interface resistance. Therefore, the longer
the fibers in comparison to the overall composite thickness, the fewer transitions between
fiber and matrix that will be needed to span the thickness of the composite. [19]
Fiber concentration and orientation also play a large role in trying to improve the
thermal properties of a matrix. While limits and inconsistencies exist, it is expected that
the properties of the fibers will be more pronounced as fiber concentration increases. With
respect to orientation, two extremes are possible: (1) fibers are aligned parallel to each
other along their longitudinal axis, and (2) fibers are randomly oriented. [14]
If the fibers are aligned, then the properties of the composite will be anisotropic;
whereas, if the fibers are not aligned, the properties of the composite will be isotropic.
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Fibers that are aligned and long enough to overlap as they span the thickness of the composite are considered to be continuous. Fibers that are short, spread out, and do not overlap
as they span the thickness of the composite are considered to be discontinuous and can be
either aligned or randomly oriented. If the fibers are aligned and parallel to the direction of
stress, then a mechanical reinforcement efficiency of 1 is expected. If the fibers are aligned
and perpendicular to the direction of stress, then the expected mechanical reinforcement efficiency will be close to zero. If the fibers are randomly oriented, a mechanical reinforcement
efficiency of 0.2 is expected in all directions. [14]
Studies have shown that these guidelines for reinforcement efficiency or enhancement
from fibers based on fiber alignment is also applicable to other properties of the composites
and not just mechanical properties [15, 20–22]. Ghose reports a thermal conductivity of
more than 4 times greater with aligned CNT than with unaligned [23] and Huang reports
an increase of more than 2 times greater with aligned vs unaligned CNT [21].
Dispersion, or how well the CNT are dispersed in the matrix material, has also been
shown to affect the thermal conductivity of the composite. Song reports a difference of
almost 180% in the thermal conductivity of composites that have well dispersed CNT versus
poorly dispersed CNT [24].
Many characteristics of the CNT themselves can affect its thermal conductivity. SWCNT
have been reported to have longitudinal thermal conductivity of between 2000 - 6000 W/mK,
depending on their chirality, length to diameter ratios, purification, and number of defects [15]. One of the properties that affects both SWCNT and MWCNT is purity, or removing the excess carbon and chemicals used for CNT growth. Both SWCNT and MWCNT,
when used unpurified at 1% by weight in the composite, produce an effective thermal conductivity in the composite of up to 400% higher than when using purified CNT [25].
The interface resistance between the matrix and the fibers, like the mechanical enhancement [26], has a strong relationship to the bond between the matrix and the fiber.
In general, the greater quantity and quality of bonds that exist between the fiber and the
matrix, the greater quantity and quality of thermal pathways that are available to trans-
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port thermal energy between the matrix and fibers, thus reducing interface resistance and
increasing the overall ability of the composite to transport thermal energy. [19]
One way to alter the bond characteristics between the CNT and the matrix material is
through functionalizing the CNT with some chemical group that may bond to the matrix in
a different way than the carbon molecules themselves. Functionalizing the CNT effectively
bonds molecules into or onto the CNT, which then provides additional or different bonding
sites along the CNT where the matrix can either bond to a different quality of site or
a different quantity of sites [22]. Functionalization of the CNT can also help with the
dispersability of the CNT in the matrix. Uniform dispersion and the interface conjunction
of CNT in the matrices are important issues that affect the property of the composite.
While there is still some debate as to the effect of CNT functionalization on the thermal
conductivity of a CNT-polymer composite, functionalization of the CNT has been shown
to alter the bond between CNT and their matrix as well as aid in dispersing CNT (using
DMF or ethanol with -OH functionalized CNT, in particular [27]). [26–30]
A significant amount of research has been done on the mechanical and electrical properties of both elastic and non-elastic CNT-polymer composites [31–33]. However, very little
research is available on the thermal improvements and properties of CNT-polymer composites using elastomeric polymers [34, 35]. It is, therefore, proposed that this field of study
could benefit from the proposed thesis research.

1.3

Hypothesis
Two main characteristics of the MWCNT/PDMS composite will be affected by the

functionalization of the CNT:
1. CNT ability to more uniformly disperse in the polymer matrix,
2. The interface between the CNT and polymer matrix
These two affected characteristics will, in turn, not only affect the composites modulus of
elasticity but also the effective thermal conductivity of the composite.
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1.4

Objectives
The objectives of this thesis were:

1. Oversee the first few stages of compiling a database on the thermal properties of
CNT-polymer composites and other similar composites.
2. Investigate the effect of CNT functionalization on the effective thermal conductivity
of MWCNT/PDMS composites. The focus of this investigation will be confined to:
(a) Three functionalization’s of CNT to be used in the composite: unfunctionalized, functionalized with a carboxyl group (-COOH), and functionalized with a
hydroxy group (-OH).
(b) Fabrication methods that are scalable and economical in order for this research
to be readily applied to industrial applications.
(c) A stepped bar apparatus will be used to evaluate the composites effective thermal
conductivity under various levels of strain.
(d) The 3-ω method will be used to evaluate the composites effective thermal conductivity with no strain on the sample.
This investigation did not include:
• Effect on the composites effective thermal conductivity from variation in the
fabrication process.
• Maximizing the composites effective thermal conductivity.
• Evaluating the composites mechanical properties.
Objective 2d was not achieved because the necessary sample preparation techniques
were not available at USU. The methods available to put the necessary circuit on the
PDMS film was limited to thermal evaporation and photolithography. However, thermal
evaporation of aluminum onto the PDMS caused a very rough and uneven surface, as shown
in Figure 1.3. With thermal evaporation, the sample gets hot enough to cause a high strain
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in the aluminum film when the PDMS cools and contracts at a much greater rate than
the aluminum. Sputter coating would most likely achieve the desired results, but a sputter
machine is not available at USU.

Fig. 1.3: Thermal evaporation of aluminum on PDMS surface with visible remains of the
desired pattern after photolithography.

1.5

Approach

1.5.1

Carbon-Polymer Composite Database

The primary purpose of the Carbon-Polymer Composite Database is to help in the
effort of data driven research. From the literature survey, it is evident that there is a lot
of fluctuation in reported values for the enhancement provided to the thermal conductivity
of carbon-polymer composites. The database is intended to identify interesting trends and
gaps in research.

1.5.2

Stepped Bar Apparatus Uncertainty

The stepped bar apparatus (SBA) was used to measure the thermal resistance of the
samples. In order to better understand the accuracy of the resulting measurements, a full
uncertainty analysis was performed. This includes a zeroth, first, and nth order analysis to
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identify the factors that contribute the uncertainty of the measurements.
This analysis includes the uncertainty from stress-strain data obtained from an INSTRON that is used to estimate the strain on the sample and subsequent compressed
thickness. The resistance from the SBA and compressed thickness estimated from the INSTRON are used to calculate the thermal conductivity of the samples.

1.5.3

CNT Functionalization in MWCNT/PDMS Composites

The primary purpose of this research is to compare and document how the three chosen
CNT functionalization’s affect the composites effective thermal conductivity. Initial research
was done at various levels of strain to gauge how strain effects the thermal conductivity
of the samples. The main focus used a relative constant load representative of operating
conditions for a TIM.
Dispersion of the CNT is a large part of how the matrix and filler interact. Thus a
portion of this research investigated various dispersion techniques in an effort to fully utilize
the functionalization of the CNT in the polymer matrix.
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Chapter 2
Carbon - Polymer Composite Database
The objective of this effort was to compile a database of polymer composites that use
carbon based fillers to enhance the thermal properties of the composite. This database
could then be used to confirm the experimental results of this thesis as well as direct future
research to areas of interest. A database of data from literature would provide an easy way
to visualize and identify areas of interest as well as gaps in research, as has been shown by
Gaultois et al. [36].

2.1

Database Attributes
The focus of the literature survey was thermal properties of polymer composites that

use the following as fillers: SWCNT, DWCNT, MWCNT, graphene, carbon black, buckypaper, graphite nanoplatelets, carbon fiber, synthetic graphite, and graphite nanoparticles. The matrix materials include: polymethylmethacrylate (PMMA), polydimethylsiloxane (PDMS), polyacrylonitrile (PAN), polystyrene (PS), high density polyethylene
(HDPE), polymethyl methacrylate (PMEMA), ultra high molecular weight polyethylene
(UHMWPE), polyvinyl acetate (PVA), low density polyethylene (LDPE), polypropylene
(PP), polyurethane (PU), EPOXY, ethylene-vinyl acetate (EVA), nitrile butadiene rubber (NBR), hydrogenated nitrile butadiene rubber (HNBR), solution-styrene-butadiene and
butadiene-rubber blend (SSB-BR), ethylene propylene diene rubber (EPDM), silicone elastomer sylgard 160 (S160), vulcanized silicone elastomer (706), liquick crystalline polymer
(LCP), polyvinylidene flouride (PVDF), and acrylonitrile butadiene styrene (ABS).
Beyond the matrix material and filler material, the database includes: the mixing ration, mixing method, weight percent filler, volume percent filler, reported filler density, filler
functionalization, filler purity, filler length, filler diameter, filler alignment, filler continuity,
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computational or experimental, cure temperature, composite thickness, strain on sample
during thermal measurement, thermal conductivity of composite, and enhancement in thermal conductivity. The database also has data on the basic mechanical properties of a few
of the composites.

2.2

Database as a Tool for Visualization
The outcome of this database shows potential for further refinement.

Figure 2.1

presents all the data in the database with a recorded value for enhancement in thermal
conductivity. This shows some of the potential that a database similar to this could have, if
more data is contributed to the database and if it is kept up to date with current research.
Table 2.1 shows the database id’s that are presented in the figure and their related entities.

Fig. 2.1: All the data in the database plotted with filler vs matrix material. The size of the
circles represent the enhancement in thermal conductivity. The actual values as they relate
to the database ID in the figure can be found in Table 2.1.
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Table 2.1: Database ID lookup. Table with actual values related to each database ID.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Source
Ralphs
Andrews [26]
Biercuk [37]
Breuer [38]
Han [15]
Gojny [39]
Huang [21]
Hong [25]
Weisenberger [40]
Guthy [41]
Nan [42]
Moisala [43]
Ma [44]
Haggenmueller [45]
Xu [46]
King [47]
Bonnet [48]
Cai [49]
Chen [50]
Clancy [51]
Gordey [52]
Das [33]
Kim [53]
Paleo [54]
Song [24]
Likozar [55]
Moisala [43]
Sui [56]
Ye [57]
Yang [58]
Yu [59]
Yang [17]
Xu [46]
Liu [60]
Ji [61]
Hone [62]
Wang [63]
Duong [64]
Patton [65]

Matrix Material
PMMA
PDMS

PAN
PS
HDPE
PMEMA
UHMWPE
PVA
LDPE
PP
PU
EPOXY
EVA
NBR
HNBR
SSB-BR
EPDM
S160
706
LCP
PVDF
ABS

Filler
MWCNT
Graphene
SWCNT
DWCNT
Carbon Black
Buckypaper
Graphite Nanoplatelet
Carbon Fiber
Synthetic Graphite
Graphite
Graphite Microparticles

Mixing Method
high shear
stir
sonicate
melt compound
coagulation
grinding
in-situ injection
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A database of all the data in a field of research would enable visual detection of trends
in a research area, as well as help identify areas with a lack of research that could be
investigated. This database could also be coupled with a plotting interface and made
available to the public so that anyone can access and use this visual resource to show the
current state of the research. Four dimensional plots of the research can also help identify
trends and provide additional information over two or three dimensional plots.
Figure 2.2 shows filler material and matrix material on the y and x axes, respectively,
with the enhancement in thermal conductivity demonstrated by the size of the data point
and the actual thermal conductivity given by the color of the data point. The greatest enhancement in thermal conductivity, along with the greatest measured thermal conductivity,
is achieved with filler material 9 (carbon fiber) and matrix material 17 (epoxy).

Fig. 2.2: All the data in the database plotted with filler vs matrix material. The size of the
circles represent the enhancement in thermal conductivity. The actual values as they relate
to the database ID in the figure can be found in Table 2.1.
Figure 2.3 isolates composites that use CNT as the filler and present values on the
mixing method and volume percent of CNT on the x and y axes, respectively, with the
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enhancement in thermal conductivity given as the size of the data points. Three conclusions
can be drawn from this figure. First, MWCNT appear to increase the thermal conductivity
of the composite faster than SWCNT as the volume percent increases. Second, DWCNT are
not a very popular area of research. And third, high shear mixing has shown the greatest
increase in thermal conductivity for SWCNT and in-situ injection has shown the greatest
increase in thermal conductivity for MWCNT at low volume percent of CNT.

Fig. 2.3: CNT as the filler, plotting volume percent versus mixing method. The size of the
data points representing the enhancement in thermal conductivity. The actual values as
they relate to the database ID in the figure can be found in Table 2.1.

2.3

Visualization to Promote Data Driven Research
A current database in any area of research can be used to plot and visualize the data to

help promote data driven research. The database discussed in this work is a good foundation
on which to grow. As more data is added to the database it has the potential the be a good
tool to drive the research in the area of carbon based polymer composites for improved
thermal conductivity.
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Figure 2.3 presents results reported in literature for polymer composites with MWCNT
fillers. It is clear that there is a lot of variation in reported results. It is proposed that CNT
functionalization may play a role in that variation. This work will investigate the role of
CNT functionalization in a polymer composite.

Fig. 2.4: Enhancement in thermal conductivity as reported in literature for MWCNT polymer composites.
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Chapter 3
Stepped Bar Apparatus
3.1

Stepped Bar Apparatus to Measure Thermal Resistance [1]
The stepped bar apparatus is the primary instrument used in this study to measure

thermal resistance of the samples. The SBA has been shown to work well for the measurement of thermal resistance of rigid materials with a reported uncertainty between 6 and
8% (95% confidence level assumed) [12]. However, very little is reported using a SBA to
measure the thermal resistance of elastic materials. This chapter investigates the uncertainty in measuring the thermal conductivity of polydimethylsiloxane (PDMS) by using a
SBA to measure the thermal resistance and an INSTRON 5542 to estimate the strain and
subsequent thickness of the compressed sample.

3.2

Methods
The SBA consists of two stainless steel bars with thermocouples inserted along their

length. A heat source is placed above the top bar and a heat sink below the bottom bar
so that a controllable heat flux can be directed through the two bars. The thermocouples
measure the temperature gradient along the bars which is used to calculate the heat flux
through the bars and the sample. The sample is placed between the two bars, causing
a temperature drop across the sample that can be measured with the thermocouples at
the end of each bar. The general setup can be visualized in Figure 3.1(a). With the heat
flux (q”), temperature drop (∆T ), and compressed thickness of the PDMS sample (tc ), the
effective thermal conductivity can be estimated by

kef f = q”

tc
.
∆T

(3.1)

19

0.015

RB1
RTIM

tc{

RB2
Rcontact

Distance Along Bars (m)

0.01

Rcontact

0.005
∆T

0
-0.005
-0.01
-0.015

B1 Linear Fit (TC 1:6)
B1 Curve Fit (TC 6:10)

-0.02

B2 Linear Fit (TC 11:16)

-0.025
100

80

60

40

20

0

T(°C)

(a) SBA diagram

(b) Output temperature data from SBA

Fig. 3.1: SBA diagram and sample output: (a) SBA diagram with inset showing contact
resistance. RT IM includes Rcontact in this work and B1, B2 represent the upper and lower
bar, respectively; (b) sample temperature data from the SBA. ∆T is found with the curve
fit on the upper bar.
The two bars are of different diameters to eliminate alignment uncertainty. The lower
bar is of a smaller diameter, thus ensuring the upper bar is always aligned over the entire
area of the smaller, lower bar. As can be seen in Figure 3.1(b), the slope of the lines through
each bar, dT /dx, is distinct. This is due to the distinct diameter and, therefore, area of the
two bars.
Thompson et al. [12] suggests using a curve fit on the lower portion of the upper bar to
find the upper temperature for the temperature drop across the sample. In his experiments
the curve fit produces a concave curve signifying some possible heat loss around the sample
or a decreased resistance in the sample compared to the upper bar. Experiments in this
work all produced a convex curve fit on the lower portion of the upper bar. In finding
∆T , the difference in using the value on the curve fit and linear fit on the upper bar was
well under 1%. For the MCM simulations in this work, the input temperatures are the
temperatures on the linear fit for each bar. This produces a linear fit for the curve fit on
the lower portion of the upper bar, which is used to find ∆T .
Sixteen type-T thermocouples with special limits of error (SLE) wire are used along
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the length of the two stainless steel bars. The thermocouples are sheathed in stainless steel.
Ten are on the upper bar and six on the lower bar.
A constant temperature circulating bath is used for the heat sink, circulating 5◦ C
water through a copper block beneath the lower bar. A cartridge heater in a copper block
is used as the heat source above the upper bar. The bars are well insulated with foam and
fiberglass insulation.
The temperature data is acquired with a data acquisition system at a rate of about
0.15 Hz for 12 minutes. This results in about 110 data points for each temperature location
along the bars. These 110 data points are averaged together to give an average steady state
temperature for each location along the bars.
The SBA can only provide data to calculate a thermal resistance. In order to convert
that resistance to a thermal conductivity, the compressed thickness of the sample, tc , must
be known. The load on the sample in the SBA is measured by a load cell along with
the temperature data from the TCs. So if the stress/strain data is known for the specific
material being measured, tc can be estimated based on the load on the sample in the SBA.
An INSTRON 5542 is used to measure stress-strain data for similar samples in between
the same stainless steel bars that are used with the SBA. The same samples that are
measured with the SBA are not used in the INSTRON to avoid any permanent deformation
or effects on the samples from the SBA. This data is used to find an average stress/strain
relationship for the specific material along with its uncertainty.
Previous uncertainty analysis of the SBA with rigid materials by Thompson et al. [12]
use the Monte Carlo method to find individual components of uncertainty for the system.
These pieces are then combined with the method derived from Kline and McClintock [66]
to find an overall uncertainty. For this work, a zeroth order uncertainty analysis [67] using a
Monte Carlo Method (MCM) will be used to estimate the uncertainty of the instrumentation
itself. A first order analysis will be used to estimate the variation in the PDMS samples.
Finally, a Nth order analysis will be used to provide an overall a posteriori uncertainty of
the measured thermal conductivity of the PDMS samples.
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3.3

Uncertainty
The Data Reduction Equations (DRE) used to find the uncertainty of kef f can be

broken up into two main groups, based on the variables in Eq. (3.1) that they feed into.
The DRE associated with the heat flux density and temperature drop are addressed first,
followed by those that lead into the calculation for the compressed thickness of the sample.
The heat transfer rate, q, and the temperature drop across the sample, ∆T , both are
derived from the temperature data, as shown in Figure 3.1(b). The heat transfer rate, q, is
calculated by

q = kSS Abar

dT
,
dx

(3.2)

where dT /dx is estimated by the slope of the line fitted through the temperature data and
dT /dx, kss , and Abar are respective of the upper and lower bar on which the temperature
data was taken. The heat flux, q”, is then calculated by

q” =

qave
Acontact

,

(3.3)

where qave is the average heat transfer rate of the two bars and Acontact is the area of the
sample through which the heat flux passes. In this case Acontact is the area of the lower bar.
The sample is compressed between the two bars in an effort to minimize the contact
resistance between the bars and the top and bottom surface of the sample. The compressed
thickness of the sample, tc , is estimated through the use of stress-strain data obtained from
similar samples on a tensile/compression testing machine, namely, an INSTRON 5542. The
stress-strain data is used to find the specific Young’s Modulus of the PDMS samples. The
Young’s Modulus measured by the INSTRON is given by

EI =

σI
.
I

(3.4)

The load on the sample in the SBA is measured with a load cell which is then converted
to a stress, σSBA . The strain on the sample in the SBA (SBA ) can then be estimated by
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SBA =

σSBA
.
EI

(3.5)

The compressed thickness of the sample, tc , is then given by

tc = t0 (1 − SBA ),

(3.6)

where t0 is the uncompressed thickness, as measured with calipers before putting the sample
in the SBA.

3.3.1

Instrumentation Uncertainty

A zeroth order uncertainty analysis is performed using MCM simulations in an attempt
to estimate the uncertainty from instrumentation only. Several parameters are varied in
order to evaluate the various levels of uncertainty that can be expected from using the SBA
to measure thermal conductivity of PDMS. Each MCM analysis uses 15,000 simulations.
With 15,000 simulations in each MCM analysis, very little variation in results is seen when
each analysis is repeated several times. The two main parameters of interest are the uncertainty on the thermal conductivity of the two stainless steel 304 bars and the uncertainty on
the thermocouples. These two parameters are of interest because they can be minimized,
if desired, by the user of the SBA.
Table 3.1: Uncertainty values used in the MCM simulation and the variables affected by
them. b represents a bias uncertainty and s represents a random uncertainty.
68% Uncertainty
Description
Affected Variable
bσI = 0.134N
INSTRON Load
σI
bI = 0.000809
INSTRON Strain
I
bLC = 0.005mV
SBA Load Cell
σSBA
st0 = 0.005mm
thickness of sample
t0
(1/2 tick on calipers)
bkss = 0.1 W/mK
k of Stainless Steel
kSS
sx = 0.005mm
thermocouple position
x
(1/2 tick on calipers)
sd = 0.005mm
diameter of bars
d
(1/2 tick on calipers)
bT = 0.28◦ C
thermocouples + CJC
∆T , q
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In order to determine each component that will affect the uncertainty of kef f , details
on each component are shown in Table 3.1, which is a summary of the nominal values used
in the MCM simulation. Many of the instruments have a random uncertainty associated
with them that is not reported in the table because the bias uncertainty is much larger than
the random uncertainty. Figure 3.2 shows how each source of uncertainty and DRE affect
the final calculation for kef f .

Fig. 3.2: Flow chart of how each source of uncertainty affects each DRE and how each DRE
flows into the final calculation for kef f .
The bias uncertainties bσI , bI , bLC are given in the manufacturers specifications at an
assumed 95% confidence and converted to the 68% confidence level used in these simulations.
The uncertainties st0 , sx , and sd , come from 1/2 tick on the calipers used to measure
the thickness of the samples, position of the thermocouples, and diameter of the bars,
respectively.
The uncertainty on the thermal conductivity of stainless steel may vary somewhat
depending on if a value from the literature is used or if a measurement is made on the
specific material in the SBA bars. Assael and Gialou [2] give values for stainless steel 304L
at temperatures ranging from 307 K up to 545 K. They claim a 95% confidence relative
uncertainty on the thermal conductivity values of 0.6%. Blackwell et al. [68] claims a 95%
confidence relative uncertainty on thermal conductivity on stainless steel 304 of 4.1% at 304
K, which encompasses the actual thermal conductivity value given by Assael and Gialou at
a similar temperature. While the smaller uncertainty values reported by Assael and Gialou
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Fig. 3.3: Thermal conductivity data for stainless steel 304 over a range of temperatures
with a fitted curve through the data [2].
may be achievable, for this analysis the nominal 95% confidence uncertainty on kSS will be
assumed at 0.2 W/mK (1.2%). Ideally, the actual material used in the stepped bar would
be measured for its specific thermal conductivity at the desired temperatures and a 95%
confidence uncertainty of 0.6% should be achievable on those values.
The thermal conductivity of stainless steel, kSS , varies with temperature. Thus kSS at
the mean temperature of the upper bar will be used for the upper flux and kSS at the mean
temperature of the lower bar will be used for the lower flux. A 3rd order line fit, shown in
Fig. 3.3, is used to fit Assael and Gialou’s data and this fit is used to find values for kSS at
the mean temperatures of the two bars for each of the 15,000 MCM simulations.
T-type thermocouples with special limits of error (SLE) wire and a OMB-DAQ-2416
are used, all from Omega. The manufacturer specifications on the temperature uncertainty
is ±0.551 at 0 and ±0.595 at 400. These values include the cold junction compensation measurement uncertainty. Since temperatures used in this experiment are all at the lower end
of the given range, a value of 0.56 will be used for the 95% uncertainty on the temperature
data.
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As mentioned previously, uncertainty from the thermocouples and uncertainty in kSS
are two factors that can be improved in order to minimize uncertainty, if desired. The
thermocouples used in this experiment are made of SLE wire and provide relatively good
bounds on uncertainty. However, it is also an option to not use SLE wires, thereby increasing
the uncertainty, or to calibrate the thermocouples and decrease the uncertainty. Similarly,
the uncertainty in kSS can be minimized by obtaining an accurate measurement of kSS for
the specific material used in the SBA or the uncertainty can be increased by using a more
conservative value found in a standard table of values. This work will investigate the effects
of each of these options by using values of zero, nominal, and conservative for both bT and
bkSS .

Sample Variation
A first order uncertainty analysis is performed using data from eight samples of PDMS
in an effort to show an estimation of the variation in PDMS samples. The PDMS is made
in batches using the standard 10:1 ratio of PDMS to crosslinker and is cured in vacuum at
100 for 90 minutes. The eight samples are from three different batches of PDMS in order
to show variation across batches and not just between the samples of a single batch.

Overall Uncertainty
An Nth order uncertainty analysis is performed to present an overall a posteriori uncertainty on kef f for PDMS using a SBA and INSTRON. Several samples are measured on the
INSTRON to provide an insight into the variation in stress-strain data that is then used in
an updated MCM simulation to provide an estimate on the instrument uncertainties and
fossilized biases. This estimate is then root-sum-squared with the first order uncertainty
estimate to find the Nth order uncertainty estimate.
To get an accurate measure for the stress on the sample with the INSTRON the same
dimension of bars as those on the SBA are used on top and bottom of the sample. This
not only provides a constant area of 7.13e-5 m2 (from the smaller diameter, lower bar) to
calculate the stress, but it also provides a more accurate comparison of the variations that
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could be seen in the measurement on the SBA.
The stress-strain data for this work was not taken at the correct temperature as to
that corresponding to the sample in the SBA. As such, the stain estimate will be slightly
off due to temperature dependence of the modulus of elasticity. If the stress-strain data is
taken at the correct temperature, uncertainties should be seen similar to those reported in
this work.

RESULTS AND DISCUSSION

Instrumentation Uncertainty
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Fig. 3.4: Histogram of the MCM simulation results with the nominal values for bkSS and
bT .
Using 15,000 simulations in each MCM analysis provides good repeatability, with the
maximum variation in kef f (mean and standard deviation) between analysis observed at
less than 0.1%. The MCM results show fairly symmetric uncertainty on kef f , as shown in
Fig. 3.4.
Table 3.2 shows the results as bkSS and bT are varied. Nominal values for bkSS and
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bT produce a 68% confidence relative uncertainty on kef f of 5.82%. It can bee seen from
the table that the majority of the uncertainty comes from bT , making up about 90% of the
uncertainty in kef f when set to nominal value. With a nominal value for bkSS , it contributes
very little to the overall uncertainty. Even when a conservative value is used for bkSS of 1.0
W/mK it still only contributes about 20% to the overall uncertainty.
Table 3.2: Zeroth order MCM simulation results with variations in bkSS and bT .
bkSS (W/mK)

bT ()

0.1*
0.0
1.0
0.1*
0.1*
0.0

0.28*
0.28*
0.28*
0.0
0.56
0.0

Ukef f ,68%
kef f
5.82
5.78
7.36
0.53
11.48
0.46

(%)

*nominal value

Correlation Effects
The above MCM analysis on instrumentation uncertainty uses the uncertainty values
given by the manufacturer and assumed no correlation. However, if correlation is taken into
account, the instrumentation uncertainty with respect to temperature is reduced. All of the
DREs associated with temperature are finding a difference in temperature, ∆T . Because
of this, any correlated uncertainties with respect to temperature will actually lower the
uncertainty when used in the DRE with ∆T .
To better illustrate this correlation effect, a Taylor Series Method (TSM) for uncertainty
will be used, similar to that presented by Coleman and Steele [67]. Using a DRE of

∆T = T2 − T1 ,

(3.7)

the TSM uncertainty for the bias on ∆T can be computed as

b2∆T

=

b2T2



∂∆T
∂T2

2
+

b2T1



∂∆T
∂T1

2


+2

∂∆T
∂T2



∂∆T
∂T1


bT1 T2 ,

(3.8)
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where
∂∆T
=1
∂T2

and

∂∆T
= −1 .
∂T1

Two components of the temperature measurement uncertainty are given by the manufacturer: bias for the cold junction compensation (CJC) and bias for the thermocouple itself
(TC). The bias uncertainty will be the same for T1 and T2 and is computed as

bT1 = bT2 =

q
b2CJC + b2T C = 0.28 ◦ C ,

(3.9)

where bCJC is 0.126 ◦ C and bT C is 0.25 ◦ C. The manufacturer gives a ”typical” accuracy for
the CJC of 0.075 ◦ C, however, in the manufacturers calculation for a combined accuracy for
TC+CJC the accuracy allotted to the CJC uncertainty is much higher than that specified.
It is assumed that other sources of uncertainty are lumped into the CJC uncertainty when
the combined uncertainty is estimated by the manufacturer. This lumped uncertainty is
used here to include all ”other” sources of uncertainty included, but not stated, by the
manufacturer.
All 16 TC are connected to the same DAQ and therefore use the same CJC. The bias
uncertainty for the CJC is therefore correlated across all the temperature readings. Thus
the correlated term would be

bT1 T2 = (bCJC )(bCJC ) = 0.016 ◦ C .

(3.10)

The uncertainty for ∆T can then be computed as

b∆T =

p
(0.28)2 (1)2 + (0.28)2 (−1)2 + 2(1)(−1)(0.016) = 0.35 ◦ C .

(3.11)

When bCJC is considered to be uncorrelated (bT1 T2 = 0), b∆T = 0.4 ◦ C. So property addressing the correlation of bCJC reduced the uncertainty on ∆T by 12%. Similarly, when this
correlation is taken into account for the MCM simulations, the total relative uncertainty
comes out at 5.1%, a decrease of 12% from when bCJC is considered to be uncorrelated.
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Furthermore, the uncertainty on ∆T can be reduced even further through correlation
by including more terms that are correlated. Calibrating the thermocouples, for example,
and properly addressing correlation effects, can bring the uncertainty of ∆T down to zero.
In calibrating the thermocouples, uncertainty will be introduced through uncertainty in the
CJC on the thermocouples, uncertainty in the reference thermometer, and uncertainty due
to bath or spacial non-uniformity’s. These uncertainties are presented in Table 3.3.
Table 3.3: Uncertainties introduced in calibrating the thermocouples. Uncertainties presented at a 68% confidence level.
Uncertainty
Source
68% confidence level (◦ C)
bCJC
CJC
0.126
bref
reference thermometer
0.15
bnon
spacial non-uniformity
0.05
For a baseline, if correlation is not accounted for, the uncertainty on ∆T is

b∆T =

p
(0.202)2 (1)2 + (0.202)2 (−1)2 + 2(1)(−1)(0) = 0.29 ◦ C .

(3.12)

Comparing this to the value of 0.28 ◦ C that comes straight from the manufacturer, it doesn’t
make sense to calibrate the thermocouples, unless correlation effects are accounted for. If
all of the thermocouples are calibrated at the same time with the same DAQ, but spatial
non-uniformities still exist, then bCJC and bref will be correlated. The correlation term is
then

bT1 T2 = (bCJC )(bCJC ) + (bref )(bref ) = 0.038 ◦ C

(3.13)

and bias for each temperature becomes

bT1 = bT2 =

b∆T =

q
b2CJC + b2ref + bnon = 0.202 ◦ C ,

p
(0.202)2 (1)2 + (0.202)2 (−1)2 + 2(1)(−1)(0.038) = 0.07 ◦ C .

(3.14)

(3.15)
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If spatial non-uniformities can also be correlated - by ensuring all the thermocouples are
right next to each other and the reference thermometer - then b∆T can be all the way to
zero.
Calibration of TCs was not done for this work. However, this shows that calibration
can significantly reduce uncertainty on measurements of ∆T , which is one of the largest
sources of uncertainty in this MCM analysis.

Sample Variation
Using eight samples from three separate batches, the resulting values for kef f can be
seen in Fig. 3.5. The mean value for kef f is 0.2823 W/mK with a 68% confidence uncertainty
of 0.0197 W/mK, a 6.98% relative uncertainty.
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0.3

0.28

0.26

0.24
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2.2

2.3
×10 -3

Fig. 3.5: First order results for kef f .
The difference between the first order analysis and the zeroth order analysis provides
an estimate in the variation between samples, but the bias uncertainties may mask some of
the sample variation. Thus a zeroth order analysis, only using random uncertainty values,
provides a 68% confidence uncertainty of about 0.2%. Taking the difference between the
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first order analysis and the random uncertainties in the zeroth order analysis provides a
68% confidence on the variation in samples to be about 6.7%.

Overall Uncertainty
Looking at the variation in stress-strain data that is used to estimate the thickness of
the compressed samples shows more variation than expected. This variation most likely
comes from non-uniformity between samples. The samples are made in one of 5 different
molds. Some variation may exist between one mold and the next. Furthermore, when
the samples cure, a lip is formed around the top outer edge of the sample, as shown in
Figure 3.6. This lip could also be a cause of the variation if some samples have a larger
lip than others. A more substantial lip on the sample would cause the load-strain curve to
be pushed further out with respect to strain. Figure 3.7 shows the load versus strain data
from 8 samples. At a load of 67 N (within the range given for the P4 processor package [9]),
there is a standard deviation of 3.9 N. At the corresponding stain of 0.32 there is a standard
deviation of 0.01.

Fig. 3.6: PDMS load-strain data from INSTRON.
These values are updated from the zeroth order analysis to provide a better estimate
on the fossilized bias introduced from the stress-strain data. The MCM simulation results
in a mean kef f of 0.248 W/mK with a 68% confidence uncertainty of 0.016 W/mK (a
relative uncertainty of 6.50%). This agrees with literature, where k for PDMS is reported
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Fig. 3.7: PDMS load-strain data from INSTRON.
between 0.15 and 0.25 W/mK [15, 69, 70]. However this still does not take into account
the difference in temperature of the sample while taking the load measurement on the SBA
and the INSTRON, which would most likely increase the strain further, lowering kef f even
further.
The total Nth order uncertainty is then estimated by root-sum-squaring the MCM result
with the estimated sample variation from the first order analysis to get a 68% confidence
uncertainty of 0.023 W/mK (a relative uncertainty of 9.3%).
While the mean is similar to reported values from literature, this uncertainty does not
account for the full range of reported values in literature. It is proposed that much of the
variation in reported values is from varying amounts of contact resistance and strain on the
samples. In this work, kef f includes contact resistance which is dependent on the surface
interfaces between the bars and the sample.
Furthermore, some accuracy in the system is due to the relation between the resistance
in the reference bars and the resistance of the sample. For best results the resistance
between the two bars and the sample should be similar in magnitude. So if the sample
has a high resistance, a material with a lower thermal conductivity could be used for the
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reference bars, like glass or a high density plastic. And if the sample has a low resistance,
then a material with a high thermal conductivity could be used for the reference bars, like
aluminum or copper.

CONCLUSION
The 95% relative uncertainty of a measured thermal resistance using a SBA has previously been demonstrated to be between 6 and 8%. A Monte Carlo Method analysis shows
that instrument uncertainty with using a SBA and tensile/compression tester to measure
the thermal conductivity of PDMS has a 95% confidence relative uncertainty of 11.6%.
Furthermore, 90% of this uncertainty comes from the bias uncertainty on the thermocouples, even when thermocouples made with SLE wire are used. This number can be greatly
reduced by calibrating the thermocouples and properly accounting for correlation effects.
Sample variation in the PDMS samples is estimated at around 13.4% (95% confidence).
And an overall uncertainty analysis results in a 95% confidence relative uncertainty for this
method of measuring the thermal conductivity of PDMS to be 18.6%.
So, while an uncertainty of 18% may seem high to some, this method is one of the
few reliable methods to measure the thermal conductivity of an elastic material under load,
which are the operating conditions of most TIM. This uncertainty could be reduced by
another 30-50% by calibrating the thermocouples or using a more accurate temperature
measurement device, bringing the uncertainty well within the acceptable range for scientific
thermal measurements.
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Chapter 4
Functionalization of CNT in PDMS Composite
4.1

CNT Functionalization
Functionalization is a surface modification of the CNT [71, 72], generally a chemical

modification, which either creates more defect sites on the CNT or chemically modifies the
defect sites. In this work, the purpose of functionalization is to provide more sites on the
CNT that will bond to the polymer matrix better than the carbon molecules. It is proposed
that a better bond between the CNT and matrix will provide better vibrational coupling
between the CNT filler and matrix, thereby decreasing thermal interface resistances. This
in turn will then provide an increased thermal conductivity of the composite.
Multi-walled carbon nanotubes (MWCNT) are used in this work as the filler and polydimethylsiloxane (PDMS) as the matrix. Single-walled CNT are generally reported to have
a higher thermal conductivity than MWCNT [15], but MWCNT have more vibrational
modes due to the many layers of tubes of different dimensions. The additional vibrational
modes of the MWCNT may provide better coupling with the vibrational modes of the
PDMS.

4.2

Methods
Three functionalization’s of MWCNT are investigated: unfunctionalized, functionalized

with a carboxyl group (-COOH), and functionalized with a hydroxyl group (-OH). The
functionalized MCWNT are purchased from Nanostructured & Amorphous Materials, Inc.
They are purified (95%), 10-20 µm in outer diameter, and 50-80 nm in length.
Raman spectroscopy of the purchased MWCNT shows a 6% decrease in the G/D band
ratio between the unfunctionalized MWCNT and both the functionalization’s (see Fig. 4.1),
which signifies an increase in disorder with single-walled CNT [73]. The same is assumed
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for MWCNT and an increase in disorder along the CNT would produce a decrease in the
CNT ability to transport thermal energy. However, that same disorder that the can be
seen in the functionalized tubes may create a better bond between the CNT and the matrix
material which would decrease the thermal resistance at those interfaces. [74]

Fig. 4.1: Raman spectra of MWCNT that are unfunctionalized, functionalized with a carboxyl group, and functionalized with a hydroxyl group [74].
CNT dispersion is known to play a large role in the properties of a composite material.
Figure 4.2 gives a visual comparison of non-dispersed CNT versus dispersed CNT. The nondispersed image is representative of the samples used in the initial results, but at a lower
wt% of CNT. The dispersed image is representative of the samples and results after the
investigation into CNT dispersion through sonicating in various surfactants, ethanol being
the surfactant of choice for this work [75].
Ethanol is used to disperse the MWCNT prior to mixing with the PDMS. A few other
solutions were tested for use in dispersing the CNT (water, methanol, dimethylformamide),
but ethanol was found to provide good dispersion as well as the ability to evaporate out all
the ethanol from the PDMS/MWCNT mixture before mixing in the crosslinker and curing.
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(a) non-dispersed

(b) dispersed

Fig. 4.2: Images of 0.2 wt% MWCNT in PDMS: (a) not dispersed and (b) dispersed with
ethanol.
The MWCNT are first sonicated and dispersed in ethanol. Then the MWCNT/ethanol
mixture is stirred in with the PDMS and put in a vacuum oven to evaporate out the
ethanol. After the ethanol is evaporated out, the MWCNT/PDMS mixture is cooled and
the crosslinker is mixed in at a 10:1 ratio (PDMS:crosslinker). This mixture is put in
vacuum to remove air bubbles prior to putting it in high density polyethylene molds and
curing at 100◦ C for 90 minutes. The resulting composite samples are 12.7 mm in diameter
and 1-5 mm thick.
Figure 4.2 shows how the sample would appear while loaded in the SBA during the
thermal measurement. There is contact resistance on top and bottom of the sample, between the sample and the stainless steel bars. This contact resistance is minimized by
putting the sample under load while taking the measurement in an effort to get rid of
air pockets. Putting the sample under load is also similar to applications for a TIM, as
explained previously.
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Fig. 4.3: Artists rendition of the sample loaded in the SBA during thermal measurement.
Image shows direction of heat flux and locations of contact resistance.

4.3

Results

4.3.1

Initial Results

Initial measurements were collected at various levels of strain in an effort to investigate
the effect it has on thermal conductivity of the samples. Figure 4.4 shows the these results
with 3% CNT with the three functionalization’s at various levels of strain. A peak in kef f
at a strain of about 7% indicates where the contact resistance above and below the sample
and the adverse affects on conductivity from compression balance each other out.
Figure 4.5 shows the results for the load on the sample and the estimated strain. The
measured strain for these results was measured using the lead strew on the SBA, which is
why the uncertainty in strain on the sample is so high in the figure. These results showed
the need for a more accurate estimate of the strain on the sample which lead to using stress
strain data from the INSTRON, as explained in chapter 3. These initial results were also
measured before any studies had been done on the dispersion of the CNT in the PDMS
and, therefore, the CNT in these samples are non-dispersed.
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Fig. 4.4: Initial results of kef f versus strain
for 3% CNT at all 3 functionalization’s.
Strain is estimated from rotation on SBA
lead screw. [74]

4.3.2

Fig. 4.5: Initial results for load versus
strain with strain estimated from rotation on SBA lead screw and load as measured from SBA load cell. [74]

Final Results

Initial samples with CNT dispersed with ethanol showed a decrease in stiffness, making the compressive strength of the composite less than that measured from plain PDMS
(see Figure 4.6(a)). However, PDMS samples with ethanol mixed in and then evaporated
out prior to mixing in the cross-linker show a strength less than the composite (see Figure 4.6(b)). Samples of plain PDMS that are prepared with ethanol in the same way in
which the composites are prepared show a decrease in Youngs Modulus of about 25%. Thus,
the ethanol has a strong effect on the mechanical properties of PDMS. It is also possible that
the ethanol effects the functionalization of the MWCNT, but this has yet to be investigated.
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(a) PDMS, non-dispersed, and dispersed

(b) PDMS w/ethanol and dispersed

Fig. 4.6: Comparing load-strain data for: (a) PDMS without ethanol introduced and (b)
PDMS with ethanol. Also included is data for non-dispersed CNT and dispersed CNT at
0.2 wt%.
Figure 4.7 presents the compression data from the three functionalization’s along with
that of plain PDMS, for a reference. The lines represent the average of 3 or 4 samples
measured on the INSTRON and the shaded regions provide the standard deviation of the
measurements. This data was used to identify the load that relates to a strain of 23%, the
target strain for this set of data.
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(a) Unfunctionalized MWCNT, 0.2 wt%

(b) -COOH functionalized MWCNT, 0.2 wt%

(c) -OH functionalized MWCNT, 0.2 wt%

(d) All 3 functionalization’s

Fig. 4.7: Load-strain compression data compared to plain PDMS for 0.2 wt% MWCNTPDMS composites with CNT functionalization’s: (a) unfunctionalized; (b) functionalized
with a carboxyl group; (c) functionalized with a hydroxyl group; and, (d) all three functionalization’s
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This load is then used as a target on the SBA in an effort to apply a strain of 23%
across all samples. Thermal resistance results based on this criteria are shown in Figure
4.8 for 0.2% MWCNT by weight. The enhancement in thermal conductivity are all less
than 10%, similar to results reported by Hong et al. [70] but on the lower end of what was
reported. Furthermore, the thermal conductivity of all three functionalization’s are within
2% of each other, which is not in favor of the hypothesis of this thesis.

Fig. 4.8: Measured thermal resistance for composites at 0.2% MWCNT by weight, constant
strain.
After this data was taken and the result was concluded, it was realized that the target
load didn’t compute correctly between the SBA and the INSTRON because the difference in
area on which the load was applied was not taken into account. However, some additional
measurements were taken in which the stepped bars were taken from the SBA and put
above and below the sample on the INSTRON and new data was taken. This data showed
the strain at the loads measured with the SBA were closer to 0.4 - 0.45%. But the resistance
data is still valid to compare across the functionalization’s, since the areas were consistent
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between all the samples on the INSTRON and SBA.
A new method was devised for dispersing the CNT in ethanol that uses a hot plate to
heat and evaporate the ethanol instead of a vacuum oven. This new process allows for a
much faster processing time as well as a higher percentage of CNT to be dispersed in the
PDMS. Dog-bone samples were made and the thermal properties were measured from discs
cut from the dog-bone samples. Tensile data was also collected from similar samples [75].
Figure 4.9 presents the thermal resistance of these samples at a weight percent of 0, 0.3,
and 0.9 at a constant load across all samples of 100 N. Unfunctionalized CNT could not be
dispersed properly at a ratio higher than 0.3 wt%, providing some more motivation to use
functionalized CNT in a PDMS composite to achieve higher ratios of CNT.

Fig. 4.9: Measured thermal resistance at a constant load for composites at 0, 0.3, and
0.9% MWCNT by weight and uncertainty bars showing a 2-sigma uncertainty based on the
standard deviation in the measured samples. [75]
It was originally thought that the constant load of 100 N would be near the high end of
the operating conditions of a TIM, as previously reported for a P4 processor [9]. However,

43
upon further investigation, a load of 100 N on a sample that is only compressed on an area
of only 0.00007 m2 provides a pressure of over 1 MPa, which is much higher than the max
pressure of 50 kPa for the P4 processor.
At this extreme load, two things are apparent. First, the increase in strength from the
CNT cause the composite to compress less than plain PDMS, causing a thicker compressed
sample and a higher overall resistance. Second, the CNT functionalized with the hydroxyl
group show an overall lower resistance than the unfunctionalized and the CNT functionalized with the carboxyl group. This could either mean that the -COOH CNT provide more
strength to the composite or that the -OH CNT provide better thermal transport to the
composite.
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Chapter 5
Conclusions
5.1

Conclusions
It is apparent from the results that the strength added to the composite by the CNT

counteracts any thermal improvement of the composite for use as a TIM. The strength
added causes the composite to have a larger compressed thickness when under the load,
therefore causing a larger resistance than plain PDMS.
However, there is some evidence that the - OH and - COOH functionalized CNT have
different bonding characteristics with the PDMS, as the resistance for composites with - OH
functionalized CNT was statistically lower than that of the - COOH. This could mean that
- COOH functionalization provides better bonding for mechanical strength or that - OH
functionalization provides better coupling with the vibrational modes of the PDMS, giving
better thermal properties.
These results support our hypothesis that the functionalization of the CNT caused
better bonding for one functionalization over the other. But the increase in strength from
the increased bond between the CNT and PDMS is actually disadvantageous when looking
at application as a TIM because it results in a thicker TIM under load. Furthermore, the
thermal advantages of the increased bond were not enough to overcome the disadvantage
of the increased strength.

5.2

Outstanding Questions
Although the use of CNT in a PDMS composite for TIM applications is looking less

feasible, some questions remain unanswered that may provide insightful. The first is whether
a solvent other than ethanol is used to disperse the CNT would produce different results.
Is ethanol affecting both the PDMS and the functionalization of the CNT in a way that is
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altering the final composite properties? The second is whether a higher concentration of
CNT can be achieved which can improve the conductivity enough to surpass the increase
in mechanical strength. And lastly, would these results hold true for a composite with
the correct thickness for a TIM or would the CNT be long enough with respect to the
composite thickness to be considered a continuous fiber composite and, therefore, have
drastically different properties.
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Appendix A
Additional Figures

Fig. A.1: Thermal image of the stepped bar apparatus and loaded PDMS sample with the
insulation removed. [75]
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